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Lateral spin valves are attractive device geometries where functional spin currents can be generated and
detected by various mechanisms, such as spin injection and the direct and the inverse spin Hall effect. To
understand the mechanisms behind these effects better, as well as their potential for application in devices, we
combine multiple mechanisms in multi-terminal Pt-Py-Cu lateral spin valves: We generate pure spin currents
in the copper spin conduit both via the spin Hall effect in platinum and electric spin injection from permalloy
and detect signals both via conventional non-local detection and via the inverse spin Hall effect in the same
device at variable temperatures. Differences are observed, which we explain by the different spin injection
and detection mechanisms, revealing their importance for the temperature dependence, which is not just
governed by the spin transport in the conduit as previously claimed. By determining a different sensitivity
of the observed effects on the interfaces, we highlight the importance of the exact current path for the device

operation.
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I. INTRODUCTION

The lateral spin valve geometry allows for a convenient
and effective way to generate pure diffusive spin currents
with reduced heating and Oersted fields at the position
of a manipulated spin state.!® Usually, these devices
consist of two sub-micron ferromagnetic (FM) electrodes
which are spatially separated, but connected via a non-
magnetic (NM) spin conduit, such as a metal with low
spin orbit coupling and low resistivity like Cu or* Al°, or
alternatively a semiconductor or graphene.® By applying
a spin polarized charge current from the first ferromag-
net, the injector, through the FM/NM interface, a spin
accumulation is generated at this interface and diffuses in
the direction of the second ferromagnetic electrode, the
detector. At the NM/FM interface, the spin accumula-
tion is absorbed and applies a spin transfer torque on
the local magnetization which can be employed e.g. to
switch the magnetization® or to displace a magnetic do-
main wall efficiently.” ® Compared to the described con-
ventional non-local spin injection, the spin Hall effect
(SHE)'%!! provides additional mechanisms to generate
pure spin currents. In this case, a pure spin current is
generated perpendicular to an applied charge current in
non-magnetic materials with large spin orbit coupling,
with intrinsic contributions in Platinum'?'® and Tung-
sten'? and extrinsic effects in heavy metal alloys such as
CuBi'®'6 Culr'” and AuTa.'® The reciprocal effect, the
inverse spin Hall effect (iISHE)*!° converts a spin current
back into a measurable charge current. Since the physical
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mechanisms underlying the different spin current injec-
tion and detection mechanisms are very different, it is to
be expected that the adoption of a particular approach
should have both a qualitative and quantitative impact
on the properties and performance of a lateral spin valve.
To check and understand this, one needs, however, to be
able to study the influence of varying temperatures on
the different mechanisms in one single device.

In literature, the temperature dependence of the con-
ventional non-local signal has been extensively studied
for different systems.?’??2 When reducing the temper-
ature from room temperature, it is observed within a
certain temperature range, that the spin signal shows a
monotonic increase with decreasing temperature. This
result can be well, at least qualitatively, explained by the
Elliot-Yafet mechanism which connects the reduction in
the resistivity of the NM with an increase of the spin
diffusion length.?® However, at low temperatures a non-
monotonic behaviour is often seen with an explicit max-
imum and subsequent downturn of the signal, which is
not reflected in the resistivity of the conduit and would
therefore seem to contradict Elliot-Yafet theory. Various
explanations have been put forward to explain the low
temperature contribution, including potential increased
surface scattering®? as well as magnetic impurity scatter-
ing via a manifestation of the Kondo effect for impurities
both at the interfaces of the device?!>* and in the bulk
of the conduit, depending on the fabrication method and
purity of the source material.?® Overall, such explana-
tions of the temperature dependence of the signals are
almost exclusively based on transport effects within the
NM spin conduit. However, we recently demonstrated
that this is not the whole picture, since on comparing
thermally generated spin signals®® with electrically based
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ones, significant differences in the temperature depen-
dence were observed, demonstrating that the spin current
generation mechanism also plays an important role.?”

The most promising alternative spin current genera-
tion mechanism to spin injection that has also been em-
ployed in lateral spin valves is the spin Hall effect.!' A va-
riety of experiments have been performed in such systems
employing the spin Hall effect to generate spin currents
and the inverse spin Hall effect to detect them.*?8 Addi-
tionally, spin Hall electrodes have been used as absorber
materials between the two ferromagnetic electrodes of a
conventional lateral spin valve geometry.'®2° From such
experiments it is possible to extract an effective spin
Hall angle of the materials, with different temperature
dependences observed in different cases, including find-
ings that the spin Hall angle is weakly temperature de-
pendent or even temperature independent.*!%:28:29 Tt is
predicted that the temperature dependence of the spin
Hall effect should be strongly dependent on the underly-
ing physical mechanisms at play, with different predicted
behaviour for intrinsic and extrinsic contributions®’-3!
as also demonstrated recently experimentally.?? Further-
more it is often found that the sizes of the spin Hall an-
gles derived from such non-local measurements are much
smaller than those determined from other measurement
schemes, such as spin pumping®®, spin Hall magneto-
resistance measurements®* or spin transfer torque ferro-
magnetic resonance.?® Liu et al. could explain these small
spin Hall angles by a significant shunting of the generated
charge current due to the highly conductive and thick NM
layer, requiring a numerical correction factor to be em-
ployed in the analysis.?® Yan et al. were able to directly
determine extraordinary large spin Hall effect based spin
signals in graphene tunnel barrier samples, where the
shunting is efficiently suppressed due to the high resis-
tivity of the graphene.® For metallic systems, one way to
determine the correct spin Hall angles automatically is to
exploit 3D modelling, which takes into account the shunt-
ing of the generated charge current in the NM correctly. !¢
Measurements have also been performed comparing spin
current detection using conventional non-local detection
in ferromagnets and the inverse spin Hall effect in heavy
metals.?® 3% However, the employed geometries with par-
allel electrodes often entail severe drawbacks, since large
hard axis external fields are required to set the correct
injected spin direction, which is not practical for applica-
tions. What is not yet clear is whether the employment
of the spin Hall effect to generate spin currents has a
significant influence on the temperature dependent be-
haviour of the device performanence in comparison to
conventional spin injection, similar to the case for ther-
mally generated spin currents.?” Furthermore, if the spin
current injection mechanism is important for the temper-
ature evolution, it is to be expected that the detection
mechanism would play an equivalent role, assuming On-
sager reciprocity holds. Yet this remains to be tested for
metallic systems.

In this work we compare the role of different mecha-

nisms for spin current detection and generation in lateral
spin valve devices. We develop a special kinked geometry
that is uniquely suited to control the system and simul-
taneously probe spin currents generated by spin injection
and the spin Hall effect, as well as spin signal detection by
both the inverse spin Hall effect and conventional non-
local detection. We find a markedly different sensitiv-
ity of the iSHE and the conventional non-local signal on
the measurement probe configuration, which we explain
based on the importance of the current path within the
device. We compare the temperature behaviour of the
signals, finding differences between the different spin sig-
nals, which demonstrates that it is not only spin trans-
port that plays a role but that spin injection and spin
absorption mechanisms additionally govern the temper-
ature dependence of the signals.

1. FABRICATION

Lateral spin valve samples with a kinked geometry as
shown in the inset of Fig. 1 are fabricated on a sapphire
substrate by electron beam lithography and lift-off tech-
niques. In the first step, 100nm wide and 10 um long
wires together with alignment markers are patterned and
we deposited 12 nm of Pt using magnetron sputtering. In
the second step, 100 nm and 150 nm wide and 15 ym long
wires are patterned perpendicularly to the Pt wire and
35nm of Py was deposited by UHV thermal evapora-
tion. The different widths are chosen to assure that the
Py wires have different switching fields, with the left Py
wire 100nm and the right Py wire 150 nm in width, re-
sulting in a lower switching field for the right Py wire.
In the last step, in situ argon milling is used to clean
the interfaces of the Py wires and the Pt stripe before
the 100 wide and 150 nm thick Cu bridge is deposited,
together with electric contacts.

I1l. FIELD DEPENDENCE OF ISHE AND
CONVENTIONAL NON-LOCAL SIGNAL

To measure the inverse spin Hall effect, an average al-
ternating current of 1.4 mA with a frequency of 2221 Hz is
applied between the top contact of the left Py wire (con-
tact 4) and the Cu wire (contact 8). The iISHE-voltage,
VisuE, is measured between the two ends of the Pt stripe
(contact 2 and contact 3) and between the Cu bridge
(contact 1) and the top end of the Pt stripe (contact
2) simultaneously with two lock-in amplifiers, as shown
in the inset of Fig. 1a). We define the iSHE-resistance,
Risg g, by dividing the measured voltage by the applied
current. All hysteresis curves are shifted to 0 m 2 at 0mT
for a better comparison of the different plots.

To generate the iSHE-signal, an external magnetic field
is swept between -150 mT and +150mT parallel to the
easy axes of the Py wires, as indicated in Fig. 1. Since



the generated charge current due to the iSHE is given by
JiSHE X Js X o, (1)

the polarity of the generated charge current in the Pt,
JisuE, changes sign by changing the orientation of the
diffusive spin current, Js. The magnetization orienta-
tion of the left Py wire switches by sweeping the external
magnetic field, resulting in a switch of the orientation of
the pure spin current in the Cu bridge. The iSHE-signal,
as shown in Fig. 1a), therefore shows two levels which
are connected to the magnetization switching of the Py
wire and the resulting change in the injected spin cur-
rent orientation, which is drawn as a green arrow above
the plot. In previous publications, the SHE wires and
the magnetic wires were often all oriented perpendicu-
larly to the NM wire and the external field had to be
swept perpendicular to the easy axes in order to gen-
erate the maximum iSHE signal, which prevents exact
control of the magnetization direction. A major advan-
tage of our device geometry is that we can connect the
appearance of the iSHE signal with the switching of the
magnetic wire along its easy axis and much lower exter-
nal fields are required to generate the signal. Further-
more, the two states yielding the two different levels are
stable at remanence, eliminating any field effects that
complicate the interpretation. Additionally, we measure
the iSHE signal not only between the two ends of the Pt
stripe (contact 2 and contact 3), but also between the Cu
bridge (contact 1) and one part of the Pt stripe (contact
2). These two signals are similar in size, while the signal
measured between the bottom part of the Pt stripe (con-
tact 3) and the Cu bridge (contact 1) is about 0.01 m$2
and not shown. The appearance of these iSHE signals
between the Pt stripe and the Cu bridge is connected
to the shunting of the generated charge current in the
Pt by the thick and highly conductive Cu bridge. This
phenomenon was previously accounted for theoretically
by the implementation of a shunting factor, =, in the 1D
diffusion model'® or is automatically taken into account
using 3D modelling'® while it is here shown experimen-
tally. If we check the quantitative size of the signals, we
notice that the signal shown in red is the sum of the two
other signals.

To measure the non-local signal, the same alternating
current with the same frequency as in the iSHE case is
applied between the Cu bridge (contact 1) and the top
end of the left Py wire (contact 4). The non-local voltage,
VN1, is measured simultaneously with two lock-in ampli-
fiers between the top part of the right Py wire (contact
6) and the Cu bridge (contact 8) and between the bot-
tom part of the right Py wire (contact 7) and the Cu
bridge (contact 8), as shown in the inset of Fig. 1b). As
for the inverse spin Hall effect case, the measured voltage
is divided by the applied current to define the non-local
resistance, Ryr. To generate the non-local signal, an ex-
ternal magnetic field is applied, as before. As can be seen
in Fig. 1b), the resulting conventional non-local signals
look very different compared to the inverse spin Hall ef-
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FIG. 1. Different signals as a function of applied external
field measured at 4.2 K for current injection in Py 1 and de-
tection in either a) Pt by the inverse spin Hall effect or b) Py
2 by conventional non-local detection. In both measurements,
the external magnetic field is swept parallel to the easy axes
of the Py wires.

a) iISHE based signal, with one jump at negative and one
jump at positive external magnetic field, depending on the
spin current orientation in the Cu bridge as drawn in green
arrows above the hysteresis curve.

b) Conventional non-local detection with the spin states de-
pending on the relative alignment of the pure spin current and
the detector magnetization, schematically drawn as green ar-
rows above the hysteresis curve.

fect based ones. In the non-local case, we determine two
jumps at positive fields, corresponding to the separate
switching of the two Py wires. The different levels in
the signal then correspond to either parallel or antiparal-
lel alignment of the electrodes’ magnetization. Starting
with negative external magnetic fields, the pure spin cur-
rent and the magnetization of the detector are aligned
parallel and we determine a large non-local signal. At
an external field of +50mT, the magnetization of the
detector switches. This switching leads to an antipar-
allel alignment between pure spin current and detector
magnetization orientation, resulting in a low non-local
signal. For an external magnetic field of +100mT the
left Py wire switches its magnetization (as also seen in
the iSHE signal) and the pure spin current and magneti-
zation orientation of the detector are parallel again and
we measure the high non-local signal.

The differences in the signals shown in Fig. 1a),b) re-
flect the differences in the underlying detection mecha-
nisms. For the non-local signal, we probe the shift in the
chemical potential of the Cu bridge and link the measured
voltage change between high and low non-local signal to
the number of spins absorbed at the interface and the
signal is independent of the probe configuration. For the
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FIG. 2. a) Spin hall effect based hysteresis curves at 4.2K
with the measurement configuration as shown in the insets.
A charge current is either applied completely through the Pt
stripe (brown) or through the top part of the stripe and the
Cu bridge (green).

b) Temperature dependence of the spin signal based on spin
injection by the spin Hall effect (green) and of the inverse
spin Hall effect based on conventional non-local spin injection
(red) with the injection and detection configuration shown in
the insets. The same temperature behaviour is observed as
expected from the Onsager reciprocity.

inverse spin Hall effect, a charge current is generated in
the Pt stripe due to spin dependent scattering and this
charge current can be measured as an electric voltage.
Due to shunting of the generated charge current in the
Pt stripe by the Cu bridge, the measured voltage is signif-
icantly smaller and depends strongly on the exact current
path at this interface and is therefore highly sensitive to
the geometry and properties of the detector element, as
well as the detection mechanism employed.

This means that in a lateral spin valve, different in-
terfaces lead to quantitatively different spin signals and
different detection schemes provide qualitatively different
device behaviour. Devices based on the SHE show great
promise, in particular based on recently developed ma-
terials with particular large spin Hall angles.'® '® Such
a sensitivity on the interface properties, however, could
prove disadvantageous for device reliability, calling for
robust schemes to prepare reliable interfaces in order to
enable sufficiently robust operation for technology.

IV. RECIPROCITY BETWEEN SHE AND ISHE

To study the reciprocity between the iSHE and the
SHE via the Onsager relation*3”, charge current appli-

cation and voltage detection are reversed as shown in
Fig. 2a) for a temperature of 4.2 K. The charge current in
these measurements is applied either completely through
the Pt stripe (brown curve in Fig. 2a)) or between the
top part of the Pt stripe and the Cu bridge (green curve
in Fig. 2a)). In this situation, the flowing charge current
in the Pt stripe leads to a spin current perpendicular to
the charge current. This spin current enters the Pt/Cu
interface with its orientation being parallel or antipar-
allel to the magnetization of the left Py wire, acting as
the detector. Analogous to the non-local measurement,
a high spin signal is observed for a parallel alignment be-
tween spin current and magnetization orientation, while
for an antiparallel alignment a low spin signal is mea-
sured. As seen in previous publications, signals with the
current flowing completely through the Pt stripe show a
low signal to noise ratio, so it can be difficult to deter-
mine the SHE signal properly.® However, it can be seen
that the second probe configuration yields a comparable
signal, yet with much less noise, making it an attractive
alternative for both experiments and devices. Since noise
becomes a larger issue at elevated temperatures when the
signal decreases, we therefore use the second probe con-
figuration to probe the temperature evolution. This is
plotted, alongside the reciprocal iSHE signal following
spin current generation via spin injection from Py, in
Fig. 2b). The error bars are defined by
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where 20nV is the noise level of the lock-in amplifier
across the whole temperature range and Np o are the
number of data points for the high and low signal lev-
els, which typically is around 50 in each case. Due to
the employment of a 5000 €2 pre resistor before the sam-
ple, the charge current flowing through the low resistive
wires is essentially constant as a function of temperature.
As can be seen, the normalized signals in Fig. 2b) show
the same temperature dependence, as expected from the
Onsager reciprocity.

V. TEMPERATURE DEPENDENCE OF SIGNALS FOR
THE DIFFERENT DETECTION METHODS

We now study the temperature dependence of the non-
local signal and the inverse spin Hall effect signal, as
shown in Fig. 3.

For a quantitative comparison the spin signals are nor-
malized to the signal measured at 4.2 K. In the low tem-
perature range between 4.2 K and 30 K, we find for both
cases a constant signal. In the temperature range be-
tween 60 K and 300 K, we observe an approximately lin-
ear decrease of both signals with increasing temperature
and with both signals having the same slope. However,
in the intermediate temperature range, the two signals
differ with an evident shift for the onset of the reduction
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FIG. 3. Temperature dependence of the normalized non-local
and the iSHE signal with the probe configurations shown in
the insets. In the two cases the injection mechanism is the
same while the detection method differs. Differences in the
temperature behaviour are evident, revealing a contribution
from the detection method in addition to the usually consid-
ered transport effects.

of the iSHE signal. In previous publications, the temper-
ature dependence of both the non-local signal?!:22:27:38
and the iSHE signal'®16 have been separately studied in
metallic spin valve systems. For the non-local case, sim-
ilar signals as the one shown here were found, where the
signal behaviour in the high temperature range between
60 K and 300 K is usually explained based on Elliot-Yafet
theory.?? In this model, the decrease of the resistivity
with a decrease of temperature leads to a reduction of
spin scattering in the nonmagnetic channel during the
spin transport. This increase of the spin diffusion length
increases the number of spins reaching the NM/FM in-
terface and therefore the signal is increased. A variety
of explanations have been put forward to explain the low
temperature regime for the non-local signal as discussed
in the introduction.

Strikingly, however, most explanations of the temper-
ature behaviour of the signals are only based on spin cur-
rent transport phenomena®’ 2® within the conduit and ig-
nore effects of the generation and detection mechanisms.
Our previous work shows that the spin current generation
mechanism also plays a role.?” Here we now see clearly
that there is an additional influence of the spin current
detection mechanism.

We now analyze the temperature dependence further.
For the temperature dependence of the (inverse) spin
Hall effect, Yan et. al measured tunnel contact based
graphene spin valves and found a strong decrease of
the iSHE signal with decreasing temperature.’ In our
measurements, we determine a completely different be-
haviour with an increase of the iSHE signal with decreas-
ing temperature, indicating that different physical effects
are relevant for the metallic spin valves studied here as
compared to the previous tunnel contact based ones. A
number of different factors need to be considered when
describing the influence of temperature on the signals. In
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FIG. 4. Temperature dependence of the different effects for
different injection and detection probe configurations.

a) Temperature dependence of two normalized spin Hall effect
based spin signals measured on either side of the conduit.

b) Temperature dependence of the two normalized non-local
signals, measured on either side of the conduit.

¢) Temperature dependence of two normalized inverse spin
Hall effect based spin signals with the signal either measured
to one side of the Pt stripe (red) or across the whole length
of the Pt (blue).

our case, the general trend in both cases can be explained
based on the temperature evolution of the spin diffusion
length in the conduit. While the exact values depend
crucially on the purity and growth of the material, the
spin diffusion length in Cu has been extensively studied
as a function of temperature with typical values changing
by almost 100 % from around 500 nm at 300 K to 900 nm



at 4K.%27 This is reflected in the strong increase in both
signals for lower temperatures as observed here. How-
ever since the same conduit is used in each case, such
transport effects can not account for the differences we
see. Another possible contribution to the signal is ther-
mal spin currents due to the spin dependent Seebeck or
spin Seebeck effect. In our samples the main heating ef-
fect is expected to arise at the injection Py/Cu interface,
which is the same for both measurements. To quantify
such potential contributions we attempted to measure
the thermal spin current in the second harmonic signal.?”
However, we could not detect a signal within the noise
level of our apparatus, which we attribute to low heat-
ing from the low resistive interfaces, confirming that such
contributions are negligible in this work.

We now focus on the most prominent contributing fac-
tors which are different for the two detection schemes.
For the conventional non-local scheme at the Py wire,
standard 1D models can be used to describe the depen-
dence of the signal on the spin polarization and spin dif-
fusion of the magnetic material®® as well as the interface
resistivity.*® In particular for Py, previous studies includ-
ing our own work find that the spin polarization of Py
is only weakly temperature dependent in the tempera-
ture range we probe here, which can be explained by the
Curie temperature of permalloy of around 850 K.*422:38
More recently temperature dependent contributions from
Kondo magnetic impurity scattering in the Cu in the
vicinity of interface as a result of interdiffusion have also
been identified®*?® which could suppress the detection
for the Py/Cu interface even up to room temperature?!
but which would not be expected for the Pt/Cu inter-
face. However, in previous results, the size of such sig-
nal suppression was strongly temperature dependent in
the here studied temperature range, since the effect only
emerges around the Kondo temperature of the system.
We observe an essentially constant offset between the
signals above 60K and hence we do not expect this to
be the origin of the differences. For the detection by the
iSHE at the Pt stripe, one important factor is the spin
Hall angle. Indeed, for tunnel-barrier based spin valves
with graphene conduits this was found to dominate the
temperature dependence of the signal as a consequence
of the temperature independent graphene spin diffusion
length.® As a result, the decrease of the Pt resistivity
and correlated decrease in the spin Hall angle! led to a
decrease of the spin signal. In our samples we measure a
change in resistivity of the Pt from 61 uQcm at 300K to
36 ufdem at 4 K which would only lead to small changes of
the spin Hall angle of around 1%?2%2%34 which are not
sufficient to qualitatively explain the device behaviour,
unlike the tunnel-barrier case and which are smaller than
the effect we observe here. Finally, as already demon-
strated, the effect of current shunting at the Pt electrode
is of vital importance for the size of the iSHE signal and
this too will be strongly temperature dependent due to
the changing resistivity ratio between Cu and Pt. Here
we measure a change of the Cu resistivity from 4 pQcm

at room temperature to 2 ufdem at 4K and hence the
shunting effect is more important at low temperature.
The resulting ratio of Cu/Pt resistivity changes by over
15 % which is about the order of the size of the effect we
observe here.

VI. INFLUENCE OF DETECTION PROBE
CONFIGURATION

To get more information concerning the temperature
dependent contributions of the different interfaces and
gain deeper insight into the possible spin current absorp-
tion hotspots we performed further temperature depen-
dent measurements where we probe different detection
configurations for the three categories of measurement
scheme, as shown in Fig. 4. For the case of conven-
tional non-local injection/detection and spin Hall effect
based signals where conventional non-local detection is
also employed we find no difference depending on which
interface is probed. This confirms our previous conclu-
sions regarding the robustness of the conventional non-
local detection scheme. For the inverse spin Hall effect
based signals, however, differences are seen, depending
on whether the whole Cu/Pt interface is probed or just
one side. This result strongly suggests that the differ-
ence in signals observed in Fig. 3 is due to effects at the
Pt/Cu interface, where the temperature dependence of
the interface modifies potential current injection hotspots
and changes the current paths in the device for inverse
spin Hall effect detection. This provides an additional
temperature dependent contribution to the signal for the
generated iISHE current. In contrast, since conventional
non-local detection is based on a generated voltage from
chemical potential differences at the detector, the tem-
perature dependence of the interface properties are less
critical for the signal. Overall, the measurements show
that the temperature dependence is mainly governed by
the spin transport. Yet, there are modest differences be-
tween the (inverse) spin Hall signals and the conventional
non-local signal, demonstrating that not only spin trans-
port but also spin current generation and detection mech-
anisms have to be taken into account.

In summary, we studied multi-terminal Pt-Py-Cu
based lateral spin valves with a special kinked geometry.
This geometry allows us to connect the switching of the
magnetization of the Py wires with the spin Hall effect,
the inverse spin Hall effect and the non-local signal in
one single device allowing for direct comparability. The
geometry also allows for the different magnetic states to
be stable at remanence ruling out field effects and this
situation is also more suitable for applications. For the
SHE and the iSHE we find a signal depending on the
probe configuration which can be explained by the sig-
nificant shunting of the charge current in the Cu bridge.
This dependence of the signal on the probe configura-
tion demonstrates that in lateral spin valves the device
behaviour crucially depends on the different interfaces



and wire geometries. We study the temperature depen-
dence of the SHE, the iSHE and the non-local signals.
While the SHE and the iSHE signals show equivalent be-
haviour as expected from Onsager reciprocity, differences
are seen when comparing detection via the iSHE and
standard non-local detection. These differences in the
temperature dependent behaviour demonstrate in addi-
tion to the normally considered spin transport, both spin
current generation and detection mechanisms have to be
taken into account for a full description of the device.
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